Introduction
Diabetic nephropathy (DN) is the leading cause of end stage renal disease and leads to disabilities and high mortality rates in patients with diabetes [1, 2] . Glomerular abnormalities, such as glomerular hyperfiltration and increased albuminuria excretion, in the early stage of DN are important steps in the development of DN. These pathological changes are, in part, # These authors contributed equally to this work. * To whom correspondence should be addressed. the consequences of glomerular damage [3] . The glomerulus is a capillary network that is primarily composed of endothelial cells, podocytes and mesangial cells. The classical histological features of early stage of DN include mesangial expansion and glomerular basement membrane thickening, accompanied by podocyte detachment [4] . Previous studies have investigated how specific features, including podocyte loss, inhibition of podocytes and/or mesangial cell damage, protect against DN [5] [6] [7] [8] [9] . However, knowledge regarding glomerular endothelial behavior in DN is sparse. Recent accumulating evidence suggests that glomerular endothelial cell (GEC) damage is already present when podocyte injury starts. Endothelial injury in diabetes is accompanied by structural abnormalities in the endothelium. For instance, impairment of the endothelial glycocalyx and loss of endothelial fenestrations are features of early diabetes [10] . Genetic targeting of specific genes in mice that induce endothelial injury accelerates the development of DN [11] . It was also reported that high glucose could directly induce glomerular endothelial cell apoptosis, which might contribute to glomerular endothelial injury [3] . However, the effect and mechanism of GEC apoptosis during the early stage of DN remain unclear.
Protein kinase C (PKC) is a family of serine/threoninespecific protein kinases that comprises PKC α, β 1 , β 2 , γ, δ, ε, θ, η, λ/ι, and ζ. Among the various signaling kinases, the PKC family plays a critical role in the pathogenesis of DN [12] . The activation of PKC in the kidney is a well-known pathway in diabetic mellitus, and it is involved in cell proliferation, differentiation, and apoptosis [13] . Among all the PKC isoforms, the role of PKCβ in the pathogenesis of DN has been investigated the most intensively. It has been demonstrated that PKCβ was increased or activated in diabetic glomeruli and contributed to glomerular hypertrophy and extracellular matrix expansion. Previous studies have shown that LY333531 (a PKCβ-selective inhibitor) blocked apoptosis in smooth muscle cells and mesangial cells under high-glucose conditions [14] [15] [16] . However, the effect and molecular mechanism of this PKCβ inhibitor on GEC apoptosis in DN have not yet been fully elucidated.
Swiprosin-1, which was first identified in lymphocytes, consists of an N-terminal region harboring a Src homology 3 (SH3) binding domain, followed by two EF-hand calciumbinding domains and a coiled-coil domain [17] . Swiprosin-1 has a medium expression level in human renal glomeruli, but it is not found in the tubules. Here, we also found that swiprosin-1 was primarily distributed in GECs and was up-regulated in diabetic mice. It has been reported that ectopic expression of swiprosin-1 in the immature murine B-cell line WEHI231 enhanced spontaneous and BCR-induced apoptosis [18] . Thylur et al reported that swiprosin-1 expressed in mast cells was upregulated through PKCβ 1 [19] . We hypothesized that activation of PKCβ could enhance swiprosin-1 expression and mediate GEC apoptosis in the early stage of DN.
In this study, we first sought to investigate whether GEC apoptosis was regulated by PKCβ in glomeruli of diabetic mice and in human renal glomerular endothelial cells (HRGECs) treated with high glucose. To elucidate the role of swiprosin-1 in the early stage of DN, we examined whether the expression of swiprosin-1 was regulated by PKCβ in vivo and in vitro. Moreover, we examined whether and how swiprosin-1 facilitated GEC apoptosis in vivo and in vitro.
Materials and methods

Diabetes model
All mice used in this study were on a congenic C57BL/6 background. At 8 weeks of age, male mice were intraperitoneally injected with a single dose of streptozotocin (STZ) (150 mg/kg; Sigma-Aldrich, St Louis, MO, USA) or sodium citrate vehicle [20] . After 72 h, diabetes was confirmed in STZ-treated mice by measuring tail vein plasma glucose (random blood glucose value >16.7 mmol/L). At the end of the experiment, the mice were killed and blood and kidneys were harvested. Twelve-hour urine samples were collected on the day before euthanasia by housing the animals in metabolic cages to determine the urine albumin excretion rate [21] . All mice were maintained under an automated 12 h/12 h dark-light cycle at a controlled temperature of 22±2 °C and a relative humidity of 50%-60% and were allowed free access to a standard dry diet and tap water ad libitum. All protocols were approved by the Animal Care Committee at the Second Military University.
Cell culture
HRGECs were obtained from ScienCell Research Laboratories, Santiago, CA, USA, and cultured according to the instructions. Briefly, cells were grown on 2 μg/cm 2 fibronectin-coated plates and maintained at 37 °C in a humidified 5% CO 2 incubator using endothelial cell medium (ScienCell Research Laboratories) in the presence of growth factors and supplements. The cells in experiments were used within 4 passages.
Generation of swiprosin-1-deficient mice
Recombineering was used to generate a gene targeting construct from a bacterial artificial chromosome (BAC) containing the swiprosin-1 gene (C57BL/6 inbred strain). E14 ES cells were transfected with this construct, and successfully targeted ES cells were injected into C57BL/6 blastocysts. Mice bearing this targeted allele with exon 2-4 deletion in the germline were bred to generate swiprosin-1 -/-mice.
Lentivirus construction and preparation Avramidou [18] used the 19-nucleotide sequence 5'-GCGTTT-GCCTCAGCGGATA-3' (residues 2004-2022 in the murine swiprosin-1 cDNA sequence, GenBank NM_025994) as a target to construct shRNA for stable knockdown of swiprosin-1. Calculation results using Oligoengine Workstation software showed an interference efficiency of up to 80%. We selected a new 19-nucleotide sequence consisting of 5'-AAGGGTGC-CAAGAACTTCT-3' (residues 615-633 containing the CDS sequence of swiprosin-1) based on calculations performed with Oligoengine Workstation software, which showed a higher interference efficiency of approximately 85%. The experimental interference efficiencies of these two targets were 70% and 85%, respectively. The latter showed better effectiveness and thus was used to construct LV-sh-Swi. The CDS sequence (residues 54-776 in the murine swiprosin-1 cDNA sequence, GenBank NM_025994.3) was synthesized to construct LV-Swi. The recombinant lentiviruses expressing the full-length swiprosin-1 coding sequence (LV-Swi) and the swiprosin-1 interference fragment (LV-sh-Swi) were produced by the Shanghai Innovation Biotechnology Co, Ltd. The viruses were concentrated by ultracentrifugation and titered by infection of confluent 293T cells.
PKCβ-siRNA transfection
Cells were seeded at a density of 2×10 5 /well in 6-well plates, incubated overnight at 37 °C, and then transfected with 75 
Measurement of apoptosis
Annexin V and propidium iodide (PI) staining was performed to assess apoptosis levels [22] . Transfected cells were plated and grown overnight until they reached 60% confluence and then treated with high glucose. After 96 h, detached cells in the medium were collected, and the remaining adherent cells were harvested by trypsinization. The cells (1×10 6 ) were washed with cold PBS and resuspended in 1 mL of 1×bind-ing buffer, and then, 100 μL of cells (1×10 5 ) was placed into individual labeled tubes. Annexin V-APC and PI (eBioscience, Santiago, CA, USA) were added to the cellular suspension, per the manufacturer's instructions, and a fluorescent sample of 10 000 cells was analyzed by flow cytometry with a FACScan flow cytometer (Becton, Dickinson and Company, Franklin, NJ, USA). Annexin V-APC-positive cells (green fluorescence) were analyzed as apoptotic. Annexin V-APC and PI-stained cells (red fluorescence) were either in the end stage of apoptosis or undergoing necrosis and analyzed as already dead. PIstained cells were necrotic.
Cell viability assay
Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) was used to measure cell viability. Cells were seeded in each well of a 96-well culture plate (5×10 3 /well) and incubated overnight. The medium was then removed, and the cells were incubated for 96 h with 100 μL of experimental medium containing high glucose. Thereafter, 10 μL of CCK-8 solution was added, and cells were incubated for 1 h at 37 °C. Absorbance was measured using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at a wavelength of 450 nm [23] . The results were calculated as the mean values of five wells for each group, and the assay was performed in triplicate.
Pyknotic nuclei count
To quantify the number of pyknotic nuclei, a cardinal feature of apoptotic cells, HRGECs on coverslips were washed once with PBS and fixed for 20 min with freshly prepared 4% paraformaldehyde in PBS. After washing twice with PBS, the HRGECs were stained with 5 μg/mL Hoechst 33342 dye (Beyotime). The number of pyknotic nuclei were expressed as a percentage of the total number of nuclei counted (n≥100 nuclei per condition) [24] .
Caspase-9 activity assay To measure caspase-9 enzyme activity, cells were treated according to the protocol of a Caspase-9 Activity Assay Kit (Beyotime). Briefly [25] , caspase-9 activity was examined by cleavage of a chromogenic caspase substrate, Ac-LEHD-pNA (acetyl-Leu-Glu-His-Asp p-nitroanilide). Sample supernatants containing 50 μg of total protein were added to a reaction buffer containing Ac-LEHD-pNA (2 mmol/L) and incubated for 4 h at 37 °C, and then the absorbance of the cleaved form of pNA was measured at 405 nm. The specific caspase-9 activity was normalized to the total protein.
Urinary albumin
Albumin is a serum protein with a relatively small molecular weight, and it is typically the first protein observed in the urine when kidney dysfunction begins to develop. Hence, urinary albumin is a suitable marker to evaluate the severity of nephritis in mouse models. Centrifuge at 10 000 rounds per minute for 5 min to remove insoluble materials in urine samples. Dilute the supernatant 1:2000 with buffer solution. An ELISA for albumin detection was used according to the manufacturer's protocol (Mouse Urinary Albumin Detection Kit; Chondrex, Redmond, WA, USA).
Serum cystatin C assay
Cystatin C (CST3) is a non-glycosylated 13 kDa protein that is almost freely filtered through the glomerular membrane, and it is completely reabsorbed and degraded by proximal tubular cells. Serum CST3 has been shown to be an ideal marker of the glomerular filtration rate [26] . An ELISA for a mouse serum CST3 assay (Abnova, Neihu District, Taipei City, Taiwan, China) was used according to the manufacturer's protocol.
Histology
Mice were perfused with ice-cold saline and then with 4% buffered paraformaldehyde. Tissues were further fixed in 4% buffered paraformaldehyde for 2 d, embedded in paraffin and processed for sectioning. Extracellular matrix deposition in the glomeruli was assessed by hematoxylin-eosin staining (H&E staining) and periodic acid-Schiff (PAS) staining. H&E staining was used for semiquantitative evaluation of glomerular sclerosis. Glomerular sclerosis was quantified per glomerulus as follows: score 1, no change; score 2, increase in mesangial matrix predominantly in the hilar area in the glomerulus or segmental mesangial proliferation (focal/multifocal), focal lesions; score 3, increase in mesangial matrix predominantly in the hilar area in the glomerulus or global mesangial proliferation, diffuse lesions [27] . ImageJ 1.44P (Wayne Rasband, National Institutes of Health, USA) software was used to measure the percentage of PAS-positive area in the glomerular tuft. Assessment of the mesangial and glomerular crosssectional areas was performed by pixel counts on a minimum of 10 glomeruli per section in a blinded manner, under 400× magnification (Olympus Corporation, Tokyo, Japan) [28] .
Immunofluorescence HRGECs in eight-well culture slides or kidney sections were fixed with 4% paraformaldehyde in PBS for 10 min. Block-ing was performed with immunofluorescence buffer (PBS, 2% BSA, 10% FBS) for 1 h, followed by a 10 min incubation with a second immunofluorescence buffer (PBS, 0.4% Triton X-100). Cells/tissues were incubated with primary antibody against cytochrome c (Beyotime, 1:50) and swiprosin-1 (Santa Cruz Biotechnology, 1:50) for 3 h at room temperature in a humidified chamber. After washing, cells were incubated with Cy3-labeled goat anti-mouse IgG (H+L) or Alexa Fluor 488-labeled goat anti-rabbit IgG (Beyotime, 1:200) for 1 h. DAPI (Beyotime) was used for nuclear staining [29, 30] . The cells were observed using a confocal laser scanning microscope (Leica, Solms, Germany).
TUNEL staining
To detect the typical features of apoptosis, nuclear DNA was stained using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) (Beyotime). After deparaffinization, the sections were treated with proteinase K (20 μg/mL, 37 °C, 15 min) and incubated with the TUNEL reaction mixture in a moist chamber (dark, 37 °C, 1 h). The sections were counterstained with DAPI to detect the nuclei. Finally, the stained sections were embedded in sealing liquid that did not quench the fluorescence [31] . TUNEL-positive cells in the kidney were observed with a confocal laser scanning microscope (Leica). Ten fields at high magnification (400×) were randomly selected from each slice. The percentage of apoptotic cells was calculated as the ratio of the number of TUNEL-positive cells to the total number of kidney cells per field.
Western blot
Cultured HRGECs or renal cortices from mice were lysed in a protein extraction reagent (Beyotime) supplemented with protease and phosphatase inhibitor cocktail (Merck, Whitehouse Station, NJ, USA). Mitochondrial and cytosolic fractions were obtained using a Cell Mitochondria Isolation Kit (Beyotime), following the steps in the instructions. Samples with equal amounts of total protein (50 μg) were separated on an SDSpolyacrylamide gel (12%) and transferred to a nitrocellulose membrane (Pall Corporation, NY, USA). The membrane was blocked with 5% bovine serum albumin and blotted with antibody. The primary antibodies used were swiprosin-1 (Santa Cruz Biotechnology; 1:1000), cleaved caspase-9 (Cell Signaling Technology, Boston, MA, USA; 1:1000), cleaved caspase-3 (Beyotime; 1:1000), Bax (Cell Signaling Technology; 1:1000), Bcl-2 (Cell Signaling Technology; 1:1000), PARP (Beyotime; 1:1000), cytochrome c (Beyotime; 1:1000) and tubulin (Beyotime; 1:10 000). Protein was visualized using IRDyeconjugated anti-mouse or anti-rabbit secondary antibodies (Rockland, Limerick, PA, USA) at 1:10 000. We used an Odyssey infrared imaging system (LI-COR Biosciences) to analyze the results.
Immunoprecipitation
Approximately 500 μg of protein extract was prepared for immunoprecipitation from cells that were transfected with swiprosin-1. Extracts were incubated with anti-swiprosin-1 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) or antiprocaspase-9 antibody (Proteintech, Wuhan, China) at 4 °C overnight. Thereafter, 100 μL of protein A-agarose (Invitrogen, Carlsbad, CA, USA) was added, and cell extracts were incubated at 4 °C overnight. After they were washed 3 times with PBS, bound proteins were released by boiling in 60 μL of 2× SDS loading buffer for 5 min [32] . Released proteins were examined by Western blotting with anti-swiprosin-1 antibody (Santa Cruz Biotechnology), anti-procaspase-9 antibody (Proteintech), anti-cytochrome c antibody (Beyotime), and antiApaf-1 antibody (Boster, Wuhan, China) at 1:1000. An Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA) was used to analyze the results.
Statistical analysis
Data processing was performed using SPSS software (Version 18.0 for Window, SPSS, Chicago, IL, USA) and is expressed as the mean±SD of at least three independent experiments. Statistical significance was determined using Student's t-test or ANOVA. A value of P<0.05 was considered statistically significant.
Results
Hyperglycemia triggered GEC apoptosis in diabetic mice Diabetic mice exhibited increases in blood glucose levels and kidney/body weight but a decrease in body weight at 4, 8 and 16 weeks after STZ-mediated induction of diabetes (Table  1) . Serum cystatin C (CST3) is a small protein that is almost freely filtered through the glomerular membrane, and it is completely reabsorbed and degraded by proximal tubular cells [26] . Decreased CST3 concentrations reflected an increase in the glomerular filtration rate (GFR, Table 1 ). Furthermore, diabetic mice showed a significant increase in urinary albumin, which was coincident with the increased GFR ( Table 1) . Histological analysis revealed that glomerular volume, glomerulosclerosis and extracellular matrix deposition were significantly increased in diabetic mice at 8 and 16 weeks ( Figure  1A ). In addition, the number of apoptotic GECs was also significantly increased in diabetic mice at 8 and 16 weeks ( Figure  1A ), which indicated that GEC apoptosis might have occurred in the early stage of DN.
LY333531 ameliorated DN and GEC apoptosis in diabetic mice Diabetic mice developed pronounced albuminuria and characteristic pathological changes of DN, such as glomerular hypertrophy and extracellular matrix deposition, starting at 8 weeks after STZ treatment. To demonstrate that an increase in PKCβ is causally linked to aggravated nephropathy and GEC apoptosis in diabetic mice, a separate group was treated with LY333531 at a dose of 1 mg·kg -1 ·d -1 and euthanized 8 weeks after induction of diabetes through STZ injection. LY333531 significantly alleviated the increase in kidney/body weight, urinary albumin and GFR (Table 2 ). Renal cortex tissue was analyzed to identify the histopathological changes and GEC apoptosis modulated by LY333531. The PKCβ inhibitor attenuated extracellular matrix deposition and glomerulosclerosis and efficiently prevented GEC apoptosis ( Figure 1B) . These results suggested that PKCβ activation might result in GEC apoptosis to promote the progression of DN.
Swiprosin-1 expression was up-regulated through PKCβ in GECs of diabetic mice Here, we first observed the distribution of swiprosin-1 in mouse kidney and verified extensive expression of swiprosin-1 in renal glomeruli (Figure 2A ). We also found that swiprosin-1 and CD31 co-localized in the glomeruli, which indicated that swiprosin-1 was primarily expressed in endothelial cells ( Figure 2B ). Moreover, Western blot results revealed that renal cortical swiprosin-1 expression increased markedly in a time-dependent manner after STZ-mediated diabetes mellitus induction ( Figure 2C ). Furthermore, we identified a significant augmentation of swiprosin-1 in diabetic GECs using immunofluorescence analysis ( Figure 2D ). Persistent hyperglycemia increased the expression of swiprosin-1 in GECs, whereas treatment with LY333531 reduced swiprosin-1 expression in the renal cortex and in GECs ( Figure 2E and 2F) of diabetic mice. These data established that swiprosin-1 up-regulation was causally linked to experimental DN, and the activation of PKCβ was required for swiprosin-1 up-regulation in GECs.
PKCβ mediated a high-glucose-induced decrease in HRGEC viability and an increase in swiprosin-1 expression We performed in vitro experiments to gain further insight into the mechanism of PKCβ-mediated GEC apoptosis. We observed the distribution of swiprosin-1 in HRGECs, and found that swiprosin-1 was co-localized with CD31-positive endothelial cells ( Figure 3A) , which confirmed the localization of swiprosin-1 in GECs in vivo. The viability of HRGECs was significantly impaired in medium containing high glucose (HG, 33 mmol/L) compared to cells cultured in normal glucose (NG, 5.5 mmol/L) after 24 h ( Figure 3B ). Lactate dehydrogenase (LDH), a marker of cytotoxicity, was also signifi- 
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Acta Pharmacologica Sinica cantly increased by HG stimulation ( Figure 3C ). LY333531 attenuated the HG-induced cell viability in a time-and dose-dependent fashion ( Figure 3D and 3E). Treatment with LY333531 at 10 nmol/L for 48 h was the optimal experimental condition and was used in the following assays. We also observed that swiprosin-1 expression was doseand time-dependently up-regulated under HG stimulation in HRGECs ( Figure 3F and 3G) , whereas LY333531 inhibited the increase in swiprosin-1 in HRGECs incubated with HG ( Figure 3H ). PMA is a PKC agonist, and it also significantly decreased the viability of HRGECs in a time-and dose-dependent manner. Incubation with PMA at 200 nmol/L for 48 h caused a marked decrease in cell viability ( Figure 3I and 3J) . PMA or HG induced a decrease in HRGEC viability, whereas LY333531 normalized these changes ( Figure 3K ). Further, LY333531 soundly inhibited PMA-induced up-regulation of swiprosin-1 in HRGECs ( Figure 3L ). These in vitro findings were consistent with the normalization of GEC apoptosis in diabetic mice treated with LY333531. Furthermore, targeted knockdown of PKCβ using siRNA significantly inhibited HG-induced augmentation of swiprosin-1 ( Figure 3M ). Thus, PKCβ might mediate the up-regulation of swiprosin-1 in HRGECs induced by high glucose. These in vitro findings were consistent with those observed in GECs of diabetic mice in vivo.
Swiprosin-1 mediated the high-glucose-induced apoptosis of HRGECs
To investigate the possible effects of swiprosin-1 on highglucose-induced HRGEC apoptosis, we constructed lentiviruses encoding shRNA targeting swiprosin-1 (LV-shSwi) to knockdown swiprosin-1 and full-length swiprosin-1 (LV-Swi) to over-express swiprosin-1. Over-expression of swiprosin-1 in HRGECs resulted in a significant decrease in cell viability ( Figure 4A ). The LV-Swi group showed an increase in the formation of pyknotic nuclei compared to the LV-GFP control group ( Figure 4B) . The results showed that the apoptosis rate of the swiprosin-1-over-expressing cells was two times higher than that of the control cells (18.96% vs 9.04%, Figure 4C ).
Next, we observed the changes in swiprosin-1-knockdown cells. However, there was no significant difference in cell viability, pyknotic nuclei or apoptosis rate under normal medium between the LV-sh-GFP control group and LV-sh-Swi group ( Figure 4D-4F) . Hence, we compared the differences between these two groups in high-glucose conditions. The LV-sh-GFPtreated cells manifested a significant decrease in cell viability, a dramatic increase in the formation of pyknotic nuclei and an elevated apoptosis rate, from 7.47% to 25.37%, after HG stimulation ( Figure 4D-4F) . However, all these changes were abolished or attenuated with the knockdown of swiprosin-1 in HRGECs ( Figure 4D-4F) .
These data showed that increased swiprosin-1 expression induced by hyperglycemia contributed to HRGEC apoptosis. Thus, PKCβ might induce GEC apoptosis at the early stage of DN through up-regulation of swiprosin-1.
Swiprosin-1 mediated GEC apoptosis via the mitochondrialdependent apoptotic pathway
We observed that the level of cleaved caspase-9 active fragment (39 and 37 kDa), cleaved caspase-3 active fragment (19 and 17 kDa), and Bax and the caspase-9 activity were significantly increased in swiprosin-1-over-expressing GECs (Figure 5A and 5C ). The increase in cleaved caspase-9, cleaved caspase-3, Bax and caspase-9 activity in the LV-sh-Swi group treated with high glucose was remarkably attenuated compared with those in the LV-sh-GFP control group (Figure 5B  and 5D ). Additionally, immunoprecipitation results revealed that inactive procaspase-9 was increased and was associated with swiprosin-1 in the LV-Swi group ( Figure 5E ). Apaf-1 and cytochrome c are two important proteins required for caspase-9 activation [33, 34] . The interaction between swiprosin-1/ procaspase-9, procaspase-9/Apaf-1 or procaspase-9/cytochrome c was significantly increased in cells transfected with LV-Swi. Moreover, immunofluorescence showed that swiprosin-1-over-expressing cells released more cytochrome c into the cytosol ( Figure 5F ).
In general, the pro-apoptotic protein Bax and a reduced level of the anti-apoptotic protein Bcl-2 can lead to an imbalance in the mitochondrial membrane potential. An increased ratio of Bax/Bcl-2 can result in mitochondrial release of cytochrome c into the cytosol, which is one of the early events in the onset of apoptosis [35] . We confirmed that PMA decreased cell viability and increased swiprosin-1 levels in HRGECs. Here, we assumed that the PMA-induced pro-apoptotic effect was produced via alteration of the Bax/Bcl-2 ratio and release of cytochrome c from the mitochondria into the cytosol. As the results show, PMA treatment resulted in a dose-dependent increase in the Bax/Bcl-2 ratio ( Figure 6A ), and cytochrome c was released from mitochondria into the cytosol in HRGECs after PMA exposure ( Figure 6B ). To validate whether the pro-apoptotic role of swiprosin-1 in PKC-activated HRGEC apoptosis occurred through the mitochondrial pathway, cells transfected with LV-sh-Swi were treated with PMA to observe the expression of the Bax/Bcl-2 ratio and subsequent changes in both mitochondrial and cytosolic cytochrome c expression. Western blot analysis results showed that knockdown of swiprosin-1 abolished the PMA-induced increase in the Bax/Bcl-2 ratio and the mitochondrial release of cytochrome c ( Figure 6C and 6D) . In addition, interfering with swiprosin-1 expression also inhibited the PMA-mediated increase in the expression of cleaved-caspase-9, cleaved-caspase-3 and cleaved PARP (substrate of active caspase-3). These results suggested that swiprosin-1 might mediate GEC apoptosis via the mitochondrial pathway, dependent on PKC activation.
Absence of swiprosin-1 abolished GEC apoptosis in diabetic mice
To further determine the effect of swiprosin-1 on GEC apoptosis in vivo, we compared STZ-induced diabetic swiprosin-1 +/+ mice with diabetic swiprosin-1 -/-mice 8 weeks after induction. No difference was found in body weight, blood glucose or kidney/body weight between the swiprosin-1-knockout mice and wild-type mice under normal conditions (data not shown). However, diabetic swiprosin-1 -/-mice exhibited a significant increase in serum CST3 and a decrease in kidney/ body weight and urinary albumin compared with diabetic swiprosin-1 +/+ mice (Table 3) . Additionally, extracellular matrix deposition in glomeruli and glomerular hypertrophy were significantly exacerbated in diabetic swiprosin-1 +/+ mice compared with diabetic swiprosin-1 -/-mice ( Figure 7A and 7B). We also observed TUNEL staining in CD31-positive cells and found that the apoptosis rate of GECs in diabetic swiprosin-1 +/+ mice increased significantly compared with that in swiprosin-1 +/+ control mice, while differences in the number of apoptotic GECs in swiprosin-1 -/-diabetic mice were not obviously different compared with those in swiprosin-1 -/-control mice ( Figure 7C ). Next, we determined the changes in mitochondrial-associated apoptotic molecules in the renal cortex of diabetic mice treated with LY333531 or in swiprosin-1 -/-diabetic mice. As the results show, LY333531 significantly decreased the expression of PARP, cleavedcaspase9, and cleaved-caspase3, as well as the Bax/Bcl-2 ratio, in diabetic mice ( Figure 7D ). Additionally, increased levels of cleaved caspase-9 and cleaved caspase-3 and the elevated Bax/Bcl-2 ratio were also abolished in swiprosin-1 -/-diabetic mice ( Figure 7E ).
Taken together, these results indicated that GEC apoptosis in the early stage of DN is associated with up-regulation of swiprosin-1, which is activated by PKCβ. Swiprosin-1 then promotes GEC apoptosis in DN via the mitochondrial pathway ( Figure 7F ). 
Discussion
In the current study, we found that a PKCβ inhibitor significantly reduced GEC apoptosis in diabetic mice. We demonstrated that swiprosin-1 expression was up-regulated by PKCβ in the early stage of DN or in HRGECs induced by high glucose or PMA. We also found that swiprosin-1 mediated GEC apoptosis through the mitochondrial-dependent pathway. These results suggest that activation of PKCβ can enhance swiprosin-1 expression to mediate GEC apoptosis in the early stage of DN. Previous studies have shown that activation of PKCβ contributed to high-glucose-induced renal hypertrophy and extracellular matrix expansion [14, 16] . Koya et al showed that administration of LY333531 inhibited glomerular PKCβ activation and reduced urinary albumin excretion rates and mesangial expansion in diabetic db/db mice [16, 36] . In addition, increased type IV collagen production evoked by high glucose in vitro was prevented by a PKCβ inhibitor in cultured mesangial cells [37] . Although numerous studies in vivo and in vitro have indicated that a PKCβ inhibitor can protect against DN, the effect of PKCβ inhibition on diabetic GECs in vivo has not been previously examined. Clinical studies in patients with type 2 DM reported apoptosis of GECs and other glomerular cells that were associated with the progression of glomerular diabetic lesions [38] . Here, we found that LY333531 attenuated hyperglycemia-induced GEC apoptosis and ameliorated the inhibition of HRGEC viability caused by PMA or high glucose. Our findings provide evidence that inhibition of PKCβ activity in renal glomeruli can ameliorate GEC apoptosis in the early stage of DN.
Swiprosin-1 was detected in the spleen, lung and liver, with the highest abundance in the brain and the lowest abundance in the kidney and thymus [18] . The protein atlas database showed that swiprosin-1 has a medium expression level in human renal glomeruli but is not expressed in tubules. In accordance with these data, we demonstrated that swiprosin-1 was expressed in glomeruli, with medium expression in GECs. In addition, it was reported that swiprosin-1 could be up-regulated through the PKC β 1 /η pathway in mast cells [19] . Here, we demonstrated that the expression of swiprosin-1 was up-regulated in GECs of diabetic mice in vivo as well as in HRGECs treated with high glucose or PMA in vitro. Moreover, the increase in swiprosin-1 expression in GECs under diabetic conditions could be ameliorated by LY333531 or targeted knockdown of PKCβ. Our results confirmed that swiprosin-1 expression was regulated by PKCβ in GECs.
It was also reported that swiprosin-1 could promote cell apoptosis [18, 39] . Hence, it is likely that GEC apoptosis induced by high glucose may depend on swiprosin-1. Therefore, it is critical to identify the pro-apoptotic properties of swiprosin-1 in GECs in DN. Over-expression of swiprosin-1 in HRGECs resulted in a significant decrease in cell viability and an increase in the formation of pyknotic nuclei and the rate of apoptosis. In contrast, knockdown of swiprosin-1 attenuated GEC apoptosis induced by high glucose or PMA. These results identified a pro-apoptotic effect of swiprosin-1 on GECs in DN. Specifically, swiprosin-1 deficiency could ameliorate GEC apoptosis, kidney/body weight, urinary albumin, glomerular filtration rate, extracellular matrix deposition and glomerular hypertrophy in the early stage of DN. In addition, notably, the severity of DN and apoptosis of GECs were significantly diminished in diabetic swiprosin-1 -/-mice. These results demonstrated that the pro-apoptotic role of swiprosin-1 expressed in GECs possibly aggravates DN. However, whether the effect of swiprosin-1 is endothelial cell-dependent is unclear, and future studies using a GEC conditional knockout model are highly necessary.
Ectopic expression of swiprosin-1 in immature B-cells enhanced BCR-induced apoptosis, with loss of the mitochondrial membrane potential, indicating that swiprosin-1 might induce apoptosis through the mitochondrial pathway. Swiprosin-1 was found to be associated with the caspase-9 protein complex, indicating that swiprosin-1 might act as a caspase substrate or a regulator of caspase-9 dependent apoptosis [39] . Caspase-9, which initiates the mitochondria-dependent apoptotic cascade, is synthesized as an inactive monomer and is activated after binding to Apaf-1, subsequently forming the apoptosome in the presence of cytochrome c [40] . This dimerization induces activation of caspase-9, which selectively cleaves a restricted set of target proteins with a weight of 39 kDa or 37 kDa and then directly activates caspase-3. Caspase-3 then commits the cell to apoptosis [41] . To gain insight into the role of the swiprosin-1-dependent apoptotic effect in diabetic GECs, we determined the increase in the levels of the caspase-9 active fragment and caspase-3 active fragment and in the caspase-9 activity. The results indicated that swiprosin-1-mediated apoptosis in HRGECs might depend on caspase-9.
The mitochondrial-dependent apoptosis pathway relies on the B-cell lymphoma 2 (Bcl-2) family to regulate cell death [40] . The Bcl-2 family controls the integrity of the outer mitochondrial membrane, and it is functionally divided into anti-and pro-apoptotic proteins [42] . Bax (one of the pro-apoptotic Bcl-2 family members) forms proteolipid pores within the outer mitochondrial membrane, resulting in the release of cytochrome c into the cytosol [43, 44] . The released cytochrome c associates with the cytosolic protein Apaf-1 and procaspase-9 to form the apoptosome [45] . Our co-immunoprecipitation experiment revealed that swiprosin-1 augmented caspase-9/ cytochrome c and caspase-9/Apaf-1 interactions. In addition, the interaction between swiprosin-1 and caspase-9 could also be intensified by high glucose. Furthermore, our study showed that swiprosin-1 increased the Bax/Bcl-2 ratio and facilitated cytochrome c release from mitochondria. These results demonstrated that swiprosin-1 modulated GEC apoptosis through the mitochondrial apoptotic pathway.
In conclusion, our study demonstrated that swiprosin-1 expression was up-regulated by PKCβ, which then facilitated GEC apoptosis through the mitochondrial-dependent pathway in the early stage of DN. Therefore, our findings are the first to highlight the important role of swiprosin-1 in GEC apoptosis in the early stage of DN and provide new evidence for the application of a PKCβ inhibitor for the treatment of DN.
